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ABSTRACT 
BASIC STUDY OF JET FLOW PATTERNS RELATED TO STREAM AND RESERVOIR BEHAVIOR 
An exper imenta l  s tudy  o f  the m o d i f i c a t i o n  o f  j e t  f l o w  p a t t e r n s  by a  nearby 
f r e e  su r f ace  i s  descr ibed.  The t e s t s  were conducted i n  an e i gh teen  f o o t  
d iameter ,  f o u r  f o o t  deep r e s e r v o i r .  One f l o w  p a t t e r n ,  f o r  a  1 /2- in .  diam- 
e t e r  nozz le  submerged 5 - in .  below t he  f r e e  su r f ace  was s t u d i e d  i n  d e t a i l .  
Other combinat ions o f  nozz le  d iameter ,  submergence and d ischarge  were used 
t o  s t udy  the  locus o f  t he  maximum v e l o c i t y  o f  the f l o w  p a t t e r n  as the  f l o w  
moved downstream. I n  a d d i t i o n ,  the  i n f l u e n c e  o f  an i n t a k e  p laced  c l o s e  t o  
the  j e t  was i nves t i ga ted .  
The f l o w  p a t t e r n s  were found t o  be q u i t e  d i f f e r e n t  f rom those f o r  a  deeply 
submerged j e t .  The maximum v e l o c i t y  moves upward as the  f l o w  proceeds 
downstream and e v e n t u a l l y  reaches t he  f r e e  su r face .  The lower p a r t  o f  the  
v e l o c i t y  d i s t r i b u t i o n  c l o s e l y  resembles t h a t  f o r  a  deeply submerged j e t ,  
whereas, t he  upper p a r t  i s  m o d i f i e d  by wave a c t i o n  a t  the  f r e e  su r face .  . 
As a  r e s u l t  t he re  i s  increased spread ing  o f  the  f l o w  p a t t e r n  a t  the  f r ee  
su r f ace .  
A  nearby i n t a k e  was found t o  have n e g l i g i b l e  i n f l u e n c e  on t he  f l o w  p a t t e r n .  
The v e l o c i t i e s  induced i n  the  r eg ion  o f  the  j e t  by the  i n t a k e  a r e  ve ry  low 
r e l a t i v e  t o  those i n  the  j e t  i t s e l f .  The j e t  d i scharge  i s  concen t ra ted  i n  
a  narrow con i ca l  form whereas t he  i n t a k e  gathers  f l u i d  from a l l  d i r e c t i o n s .  
The r e s u l t s  may be a p p l i e d  i n  the  des ign o f  d i scharge  o u t l e t s ,  syphon s p i l l -  
way o u t l e t s ,  h y d r a u l i c  breakwaters and i n  e s t i m a t i n g  concen t ra t i ons  o f  
p o l l u t a n t s ,  temperatures o r  v e l o c i t y  p r o f i l e s  downstream from o u t l e t s  when 
dens i t y  d i  f fe rences  a re  smal l  . 
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NOTAT l ON 
--
do - d iameter  o f  the  j e t  nozz le  
e  - exponen t ia l  f u n c t i o n  
E - energy f l u x ,  r a d i a l  c o n t r i b u t i o n  neg lec ted  
3 2 Eo - energy f l u x  a t  t he  nozz le ,  P U  n d  /8 
0 0 
f - f u n c t i o n  
g  - a c c e l e r a t i o n  o f  g r a v i t y  
M - momentum f l u x  
2 2 M - momentum f l u x  a t  the  nozz le ,  P U  "do /4 
0 0 
Q - d ischarge  o r  volume f l u x  
2 Qo - d ischarge  o r  volume f l u x  a t  the  nozz le ,  Uo"do /4 
r - rad ius  o f  i sove l  
s  - spac ing o f  nozz le  and i n t a k e  
0 
u  - ve 1 oc i t y  component i n  downstream d  i r e c t  i on 
U - mean v e l o c i t y  o f  e f f l u x  f rom the nozz le  
0 
u  - maximum va lue o f  u  a t  a  g i ven  x  
m 
x  - d i s t ance  measured a long  the  nozz le  a x i s  f rom the nozz le  
x 1  - d i s t ance  measured a long  the  nozz le  a x i s  f rom the  v i r t u a l  o r i g i n  
y  - l a t e r a l  co -o rd ina te  pe rpend i cu l a r  t o  x -ax i s ,  measured from the  
nozz le  a x i s  
z  - v e r t i c a l  co -o rd ina te  pe rpend i cu l a r  t o  x -ax i s ,  measured from the  
f r e e  su r f ace  
z '  - v e r t i c a l  co -o rd ina te  measured from maximum v e l o c i t y  
z  - submergence o f  nozz le  below f r e e  su r f ace  
0 
11 - dimens i on l ess  rad ius ,  r / x l  
IJ - dynamic v i s c o s i t y  o f  f l u i d  
P - d e n s i t y  o f  f l u i d  
i x  
Considerable work has been done on t he  d ischarge o f  c i r c u l a r  
and two dimensional j e t s  i n t o  an i n f i n i t e  f l u i d  o f  t he  same dens i ty ,  on 
t h e  d ischarge o f  deeply submerged j e t s  i n t o  a  r e s e r v o i r  o f  d i f f e r e n t  den- 
s i t y  and on j e t s  i n  t he  v i c i n i t y  o f  a  s o l i d  boundary. Scant a t t e n t i o n  
has, however, been p a i d  t o  t he  m o d i f i c a t i o n  o f  a  j e t  f l o w  p a t t e r n  by a 
nearby f r e e  sur face .  
Many problems i n  the  f i e l d  o f  water resources a r e  assoc ia ted  
w i t h  such a mod i f i ed  j e t  f l o w  p a t t e r n  i n  v a r y i n g  degrees o f  complex i ty .  
For example, such problems i n  r e s e r v o i r  and r i v e r  mechanics as those i n -  
vo l  v i n g  t he  p r e d i c t i o n  o f  r e c y c l  i n g  temperatures f o r  steam power p l an t s ,  
the  design o f  d ischarge o u t l e t s ,  t he  behavior  o f  sediment laden streams 
e n t e r i n g  rese rvo i r s ,  t he  conf luence o f  h e a v i l y  p o l l u t e d  minor  streams 
w i t h  major streams, low f l o w  augmentat ion f o r  the  purpose o f  improving 
water  q u a l i t y ,  the  des ign o f  syphon s p i l l w a y  o u t l e t s  e t c .  may i nvo l ve  a 
j e t - t y p e  f l o w  .near a  f r e e  s'urface. 
The i n f l u e n c e  o f  t he  f r e e  su r f ace  may be compl icated by t he  
i n f l u e n c e  o f  f i x e d  boundaries;  superimposed cross- f lows;  d e n s i t y  d i f f e r -  
ences caused by sediment suspensions, heavy p o l l u t a n t  concen t ra t ions  o r  
thermal p o l l u t i o n ;  m o d i f i c a t i o n  o f  tu rbu lence  c h a r a c t e r i s t i c s  by sus- 
pended sediments; thermal s t r a t i f i c a t i o n  i n  r e s e r v o i r s ;  and i n t e r a c t i o n  
w i t h  nearby o u t l e t s  and i n l e t s ,  t o  name a few. 
As i n  any i n v e s t i g a t i o n  i n v o l v i n g  a l a r g e  number o f  v a r i a b l e s  
a bas i c  understanding can best  be gained by h o l d i n g  a1 l but  one of  t he  
v a r i a b l e s  f i x e d  and examining t he  i n f l uence  o f  one v a r i a b l e .  A l o g i c a l  
s t a r t i n g  p o i n t  i n  understanding many o f  the  above phenomena would be t o  
i n v e s t i g a t e  the  f l o w  pa t t e rns  i n  a  j e t  i s s u i n g  h o r i z o n t a l l y  i n t o  a  l a r g e  
deep r e s e r v o i r  near the f r e e  sur face ,  w i t h  the e f f l u e n t  f l u i d  be ing  the 
same i n  a1 1 respects as the  f l u i d  i n  t he  r e s e r v o i r .  Such a  s tudy  formed 
the  f i r s t  p a r t  o f  t h i s  i n v e s t i g a t i o n .  
Since the apparatus developed f o r  the  s tudy o f  the j e t  f l ow  
p a t t e r n  e a s i l y  lends i t s e l f  t o  the  m o d i f i c a t i o n ,  the  i n f l uence  o f  a  near- 
by i n take  wi thdrawing water from the  r e s e r v o i r  a t  t he  same r a t e  as i t  was 
supp l i ed  by the  j e t ,  was i nves t i ga ted .  
The i n fo rma t i on  presented may be d i r e c t l y  a p p l i e d  i n  p r e d i c t -  . 
i n g  the f low p a t t e r n s  downstream from syphon s p i l l w a y  o u t l e t s  and from 
d ischarge o u t l e t s  i n  locks.  I t  a l s o  has a  d i r e c t  bear ing  i n  p r o v i d i n g  
a  b e t t e r  understanding o f  the  performance o f  hydraul  i c  breakwaters and 
o f  d e n s i t y  d i f f e r e n c e  e f f e c t s  on the f l o w  p a t t e r n  o f  warm e f f l u e n t s  from 
d ischarge o u t l e t s .  The work i nd i ca tes  t h a t  some o f  the  fea tu res  a t t r i b -  
u ted  t o  t he  i n h i b i t i o n  by buoyancy o f  t he  v e r t i c a l  component o f  t u r b u l e n t  
v e l o c i t y  f l u c t u a t i o n s  i n  wa'rm e f f l u e n t s  near t he  f r e e  sur face  a r e  a l s o  a  
f e a t u r e  o f  the  f l o w  p a t t e r n  when t he re  i s  no buoyancy e f f e c t .  
The j e t  f l o w  s tud ied  i s ,  i n  f a c t ,  an i d e a l i z e d  model o f  many 
f l o w  s i t u a t i o n s  o c c u r r i n g  i n  nature.  Where t he re  a re  comp l i ca t i ng  fea- 
t u res  such as buoyancy e f f e c t s  and modi f i c a t  i ons o f  d i  f f u s  i on  charac te r -  
i s t i c s  i t  may be used as an approx imat ion f o r  design purposes o r  t o  
p rov ide  c l e a r e r  i n s i g h t  i n t o  the  i n f l u e n c e  o f  the compl i c a t i n g  fea tu res  
when the!r e f f e c t s  a re  measured. 
The work upon which t h i s  r e p o r t  i s  based was supported by funds 
p rov ided  by the O f f  i c e  o f  Water Resources Research, Un i ted  States Department 
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I l l i n o i s ,  and by the  Department o f  C i v i l  Eng ineer ing  a t  t h e . U n i v e r s i t y  
o f  I 1  1 i n o i s .  
The au thors  wish t o  express t h e i r  a p p r e c i a t i o n  t o  M r .  Jay 
M i l l e r ,  Phys ica l  Science S t a f f  A s s i s t a n t  i n  t he  Department o f  C i v i l  
Eng ineer ing  who a s s i s t e d  i n  t h e  c o n s t r u c t i o n  and development o f  t he  ap- 
para tus ;  t o  M r .  Gary Cinnamon and M r .  Bruce Sco t t ,  Student Ass i s t an t s ,  
who he lped p rocure  t h e  data;  and t o  Mrs. Joanne Gar th  who typed t h e  
manuscr ip t .  
I I - LITERATURE REVIEW 
There i s  1 i t t l e  pub1 i shed  m a t e r i a l  s p e c i f i c a l l y  r e l a t e d  t o  t he  
i n f l u e n c e  o f  t h e  f r e e  su r f ace  on a  j e t  i s s u i n g  h o r i z o n t a l l y  j u s t  below 
t h e  f r e e  sur face.  A. S t r e i  f f  i n  h i s  d i scuss ion  o f  Reference 1 drew a t -  
t e n t i o n  t o  the  f a c t  t h a t  t h e  observed f l o w  p a t t e r n s  downstream from 
underwater s p i l l i n g  tubes through dams were q u i t e  d i f f e r e n t  f rom those 
ob ta i ned  f o r  a  deeply submerged j e t .  He made re ference t o  some l a r g e  
sca le  t e s t s  conducted a t  t he  Croton Dam on t he  Muskegon R i ve r  i n  Mich igan 
i n  1915. M r .  S t r e i f f ' s  exp lana t i on  o f  the  d i f f e r e n c e s  i n  behav io r  be- 
tween t he  two f l o w  p a t t e r n s  was seve re l y  c r i t i c i z e d  by t he  au thors  o f  
Reference 1 .  
I n  connect ion w i t h  h y d r a u l i c  breakwater s t u d i e s  Horkikawa (2);: 
i n  1958 repo r t ed  some l i m i t e d  measurements i n  t he  f l o w  f i e l d  downstream 
-1- 
4. 
Numbers i n  b racke ts  r e f e r  t o  L i s t  o f  References a t  the  end o f  t h e  r e p o r t .  
f rom a  s i n g l e  j e t  nozz le .  Pr imary a t t e n t i o n  was focussed on t he  ve lo-  
c i t y  d i s t r i b u t i o n  a t  the  f r e e  su r f ace  when t he  j e t  nozz le  c e n t e r - l i n e  
was a t  the  same e l e v a t i o n  as the  f r e e  sur face .  Some f u r t h e r  measurements 
were ob ta ined  w i t h  a  1 /5- in .  d iameter nozz le  submerged 1/2- in .  below the 
f r e e  sur face .  I n  general  however t he re  was i n s u f f i c i e n t  data t o  pe rm i t  
the  f o rmu la t i on  o f  any d e f i n i t e  conc lus ions about the  i n f l uence  o f  the  
f r e e  sur face  on the  f l o w  p a t t e r n .  
The most d i r e c t l y  a p p l i c a b l e  work was conducted by Mross (3)  in 
1960. He i n v e s t i g a t e d  the e f f e c t  o f  t he  f r e e  sur face  upon the  v e l o c i t y  
d i s t r i b u t i o n ,  the  volume f l u x ,  momentum f l u x  and energy f l u x  o f  a  sub- 
merged j e t .  The j e t  used i n  h i s  s tudy  emerged from a  s t r eam l i ned  1- in .  
d iameter nozz le  ex tend ing  o u t  i n t o  t he  f l u i d ,  r a t h e r  than from an i n f i -  
n i  t e  w a l l .  The t e s t s  were conducted i n  a  channel which was 36- in .  deep 
w i t h  the  cen te r  l i n e  o f  the  nozz le  s e t  20- in.  above the  bed. The nozz le  
was s e t  on the  cen te r  l i n e  o f  t he  channel, which was 30- in .  wide. Because 
the  exac t  na tu re  o f  the  w a l l  e f f e c t  on the  j e t  cou ld  n o t  be determined 
o n l y  h a l f  o f  the  a v a i l a b l e  channel w id th  was used. Readings were n o t  
taken beyond 6  nozz le  diameters f rom the  j e t  a x i s .  Mross concluded t h a t  
the  j e t  moved upward toward t he  f r e e  su r f ace  and t h a t  t he  f l o w  f i e l d  cou ld  
be d i v i d e d  i n t o  two zones. I n  t he  f i r s t  zone, where the  j e t  has n o t  
reached the f r e e  sur face  t he  r e s u l t s  f o r  a  deeply submerged j e t  may be 
appl ied.  I n  the  zone i n  which the f l o w  p a t t e r n  extends t o  the  f r e e  sur -  
face t he  p o i n t  o f  maximum v e l o c i t y  moves above the  cen te r  l i n e  and even- 
u a l l y  reaches the  f ree  sur face ;  t he  cen te r  l i n e  v e l o c i t y  decreases more 
s l o w l y  than f o r  a  deeply submerged j e t  and t he  momentum f l u x  remains con- 
s t a n t .  Because o f  the  l i m i t a t i o n s  imposed by the  channel dimensions da ta  
were o n l y  presented f o r  d is tances  up t o  32 diameters downstream from the  
nozz 1 e.  
I n  1964, Jen -- e t  a1 (4) presented some measurements o f  tem- 
p e r a t u r e  concen t ra t ions  ve ry  c l o s e  t o  the  f r e e  su r f ace  when a  h o r i z o n t a l  
warm water  j e t  d ischarged a t  the f r e e  su r face .  Using t he  r e s u l t s  o f  
Hinze and Hegge Z i  jnen(5) and b bra ham'^) ( i n d i c a t i n g  t h a t  the temper- 
a t u r e  and m a t e r i a l  d i s t r i b u t i o n  i n  a  m i x i n g  t u r b u l e n t  j e t  were approx i -  
ma te l y  the  same a l though  somewhat d i f f e r e n t  f rm the  d i s t r i b u t i o n  o f  
momentum) and the  resu l  t s  o f  A1 ber tson  e t  a1 and Hor i  kawa") (gi v- 
i n g  some i n d i c a t i o n  t h a t  the  cen te r  l i n e  v e l o c i t y  decayed i n  the  same 
way f o r  a  su r f ace  j e t  as f o r  a  submerged j e t )  i t  was reasoned t h a t  the  
temperature concen t ra t i on  cou ld  be p r e d i c t e d  us i ng  the  ax isymmetr ic  
p r e d i c t i o n  f o r  a  deeply  submerged j e t  when t he  e f f e c t  o f  buoyancy o f  t he  
warm water j e t  i s  sma l l .  Good agreement w i t h  da ta  was found f o r  d i s -  
tances up t o  about 100 diameters downstream. Beyond t h a t  d i s t ance  
temperature decreased a t  a  f a s t e r  r a t e  than p r e d i c t e d  us i ng  t he  theory  
f o r  a  deeply submerged j e t .  It was found t h a t  t he re  was g r e a t e r  l a t e r a l  
m i x i n g  than v e r t i c a l  m i x i n g  and i t  was p o s t u l a t e d  t h a t  t h i s  was a  conse- 
quence o f  the  buoyancy i n h i b i t i n g  the  v e r t i c a l  component o f  t u r b u l e n t  
v e l o c i t y  f l u c t u a t i o n s .  Since s i m i l a r  e f f e c t s  were found i n  the  p resen t  
i n v e s t i g a t i o n  where t he re  was no buoyancy e f f e c t  the  above e x p l a n a t i o n  
does n o t  appear t o  be adequate. Some f u r t h e r  i n f o r m a t i o n  on the  general  
fea tu res  o f  the  i n f l u e n c e  o f  buoyancy a re  p rov i ded  by S i  1 berman and 
(7 1 S te fan  . 
1 1 1  - THE APPARATUS 
A  p r e f a b r i c a t e d  v i n y l  - 1  ined c i  r c u l a r  swimming poo l ,  1 8 - f t  i n  
d iameter  and 4 - f t  deep was s e l e c t e d  as a  r e s e r v o i r  i n  o rde r  t o  m in im ize ,  
t o  the  g rea tes t  e x t e n t  p r a c t i c a b l e ,  bot tom and s i de -wa l l  e f f e c t s .  A  
schematic r ep resen ta t i on  o f  the apparatus i s  shown i n  F igure  1 and 
P l a t e  1 shows an o v e r a l l  v iew o f  the f a c i  1 i t y .  
For t e s t s  on a  j e t  a lone,  the  j e t  issued h o r i z o n t a l l y  i n t o  the 
main body o f  t he  r e s e r v o i r  f rom a  p o i n t  near the f r e e  wate r  su r f ace  a t  
the cen te r  1 i ne  o f  a  s o l  i d  v e r t i c a l  wal 1 and, as i t  proceeded downstream,. 
e n t r a i n e d  f l u i d  and spread h o r i z o n t a l l y  and v e r t i c a l l y .  I t  then passed 
through a  r ec tangu la r  opening i n  ano ther ,  o therw ise  s o l i d ,  v e r t i c a l  w a l l ,  
which ended 6 - i n .  above the f l o o r ,  s t r u c k  the  boundary o f  the  pool  and 
was d e f l e c t e d  t o  bo th  s ides  and downwards, The two v e r t i c a l  w a l l s  formed 
the  oppos i t e  s ides  o f  a  b o x - l i k e  s t r u c t u r e  w i t h  two s l o t t e d  s i de -wa l l s  
and a  s l o t t e d  bottom which was s e t  6 - i n .  above the f l o o r  o f  the  poo l .  
Such an arrangement p e r m i t t e d  the r e t u r n  f l ows ,  which a re  unavoidable  i n  
a  f i n i t e  r e s e r v o i r  t o  be d i s s i p a t e d  and re - i n t r oduced  t o  the  t e s t  volume 
w i t h i n  the  box i n  a  d i r e c t i o n  pe rpend i cu l a r  t o  the  j e t  a x i s ,  thus approx- 
ima t i ng  the en t ra inment  p a t t e r n  t o  be expected i n  an i n f i n i t e  r e s e r v o i r  
as c l o s e l y  as p o s s i b l e .  The b o x - l i k e  s t r u c t u r e  e n c l o s i n g  the t e s t  area 
was cons t ruc ted  o f  wood and s t e e l ,  s u f f i c i e n t  s t e e l  be i ng  used t o  i nsu re  
t h a t  the s t r u c t u r e  was n o t  buoyant. The box i s  1 2 - f t  wide by 7 1 / 2 - f t  
l ong  and the s l o t t e d  s i de -wa l l s  and bottom a re  50% open. The p a r t i c u l a r  
geometry used was adopted a f t e r  p r e l  im inary  t e s t s  were conducted i n  a  
smal l  c h i l d ' s  i n f l a t a b l e  swimming pool  on the assumption t h a t  model ing 
o f  the f l o w  p a t t e r n  would be p u r e l y  k inemat i c .  Dyes were used t o  t r a c e  
t he  r e t u r n  f l ows  i n  the  model and a l s o  t o  check t h a t  the  p ro to t ype  be- 
haved p r o p e r l y .  
For t e s t s  on the f l o w  p a t t e r n s  c rea ted  by a  j e t  and i n t a k e  
o p e r a t i n g  s imu l taneous ly  the  j e t  nozz l e  and i n t ake  were o f f s e t ,  a t  t he  
same e l e v a t i o n ,  f rom the  cen te r  l i n e  o f  the s o l i d  v e r t i c a l  w a l l .  The 
downstream w a l l  w i t h  the  r ec tangu la r  opening was then comple te ly  removed. 
Since i t  was found t h a t  i t s  presence o r  absence had no app rec i ab le  e f f e c t  
i t  was n o t  rep laced f o r  f u r t h e r  t e s t s  on the  j e t  a c t i n g  a lone.  
The j e t  nozz les used were E l k h a r t  Brass Manufac tu r ing  Company . 
Type 214 P l a i n  Brass Nozzles w i t h  diameters o f  ] / b i n . ,  7 /16- in . ,  1 /2- in .  
and 5 /8 - in .  For p r e l i m i n a r y  t e s t s  o f  the  j e t - i n t a k e  combinat ion a  
7 /16- in .  nozz le  was used as a  j e t  nozz l e  and a  1 /2- in .  nozz le  was used 
f o r  an i n t ake .  However, the  f l o w  separated from the i n t a k e  n o z z l e - t i p  
c o n t r a c t i n g  the f l o w  area t o  about 0.6 o f  i t s  nominal va lue.  As a  con- 
sequence o f  the increased v e l o c i t i e s  c a v i t a t i o n  occurred i n  the  i n t ake  
nozz le  and the  system would n o t  opera te  p r o p e r l y .  Therefore,  f o r  the  
f i n a l  t e s t s  the j e t  nozz le  was changed t o  1 /2- in .  d iameter  t o  a l l o w  com- 
p a r i s o n  w i t h  d e t a i l e d  t e s t  r e s u l t s  f o r  a  1 /2- in .  j e t  a lone and a  3 /4 - in .  
p i pe  w i t h  cen te r  l i n e  a t  the  same e l e v a t i o n  as the  j e t  a x i s  was used as 
an i n t ake .  
I n  a l l  t e s t s  the t i p  o f  the  j e t  nozz le  was s e t  f l u s h  w i t h  the 
f r o n t  face o f  t he  s o l i d  v e r t i c a l  w a l l  39 - in .  above the  f l o o r ,  and the  sub- 
mergence o f  the  nozz le  was v a r i e d  by v a r y i n g  the  water  l e v e l  i n  the  poo l .  
Approx imate ly  4 - f t  o f  s t r a i g h t ,  c a r e f u l l y  a1 igned and l e v e l  l ed ,  1 1 /2- in .  
d iameter  supply  p i p e  was p rov ided  upstream from the nozz le  t o  a l l o w  the  
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s p i r a l l i n g  mot ion in t roduced  by the  elbow t o  d i s s i p a t e  be fo re  reach ing  
the nozz le .  
Behind the s o l i d  w a l l  from which the  j e t  issues,  a  pump s u c t i o n  
l i n e  wi thdraws water  from the  r e s e r v o i r .  I n i t i a l l y  a  Gorman-Rupp Model 
81 1/4 A3 s e l f - p r i m i n g  pump was used t o  supp ly  a  cons tan t  head tank con- 
s t r u c t e d  i n  the  l a b o r a t o r y  l o f t  s p e c i f i c a l l y  f o r  t h i s  apparatus.  The 
o v e r f l o w  w e i r  on the  head tank i s  approx imate ly  1 8 - f t  above the l a b o r a t o r y  
f l o o r ,  p r o v i d i n g  a  ne t  s t a t i c  head d i f f e r e n t i a l  o f  approx imate ly  14-ft. 
Over f low from the  head tank i s  r e tu rned  t o  the  r e s e r v o i r  by means o f  a  
2 - i n .  p i p e  which d ischarges i n t o  t he  area behind the so l  i d  w a l l .  A 1 1 /2 - in .  
supp ly  l i n e  i n c o r p o r a t i n g  an o r i f i c e  meter b r i ngs  water  from the  head tank 
t o  t he  nozz le .  A va lved d i v e r s i o n  1 i ne  pe rm i t s  ca l  i b r a t i o n  o f  the  o r i f i c e  
meter i n  s i t u  us i ng  a  weigh ing tank. 
The f ou r t een  f o o t  head d i f f e r e n t i a l  i n  t he  head tank system, 
however, 1 i m i t e d  the  maximum v e l o c i t y  o f  e f f l u x  from the  j e t  t o  approx i -  
mate ly  2 6 - f t  pe r  second. In  o rde r  t o  o b t a i n  h i ghe r  v e l o c i t i e s  o f  e f f l u x  
(up t o  5 5 - f t  pe r  second) a  Gorman-Rupp Model 81 1/2 B E 1 1/4 s e l f - p r i m i n g  
c e n t r i f u g a l  pump which has a  f a i r l y  s teep head-discharge c h a r a c t e r i s t i c  
was added t o  the system. I n  ope ra t i on  the  head tank  and o r i f i c e  meter 
were by-passed and the  d ischarge from the l a r g e r  pump was suppl i e d  d i  r e c t  l y  
t o  the  j e t  nozz le .  An elbow i n  the  supp ly  l i n e  was tapped and c a l i b r a t e d  
i n  s i t u  us i ng  the  same d i v e r s i o n  system as was used t o  c a l i b r a t e  the o r i -  
-- 
f i c e  meter.  
An ins t rument  c a r r i a g e  and separate  personnel  c a r r i a g e  which 
span the  r e s e r v o i r  run  on l e v e l e d  f l o o r  r a i l s  p a r a l l e l  t o  the j e t  a x i s .  
The ins t rument  c a r r i a g e  has a  s e t  o f  c r o s s - r a i l s  which may be l e v e l e d  
independent ly  and which c a r r y  a  c ross - ca r r i age  used t o  suppor t  the man- 
ometers and gauges. The c ross - ca r r i age  may be clamped i n  p o s i t i o n .  
Beyond the  downstream end o f  the  pool  i s  an o p t i c a l  bench sup- 
p o r t e d  on a  10- in .  by & i n .  I-beam spanning between two-concrete pedes ta ls ,  
1 5 - f t  a p a r t  and s e t  pe rpend i cu l a r  t o  the  j e t  a x i s .  A  te lescope w i t h  c ross -  
h a i r s  i s  mounted on a  c a r r i a g e  which s l  ides on the o p t i c a l  bench. Read- 
ings taken us i ng  the v e r t i c a l  c r o s s - h a i r  i n  the  te lescope a re  used t o  
determine l a t e r a l  p o s i t i o n s  o f  gages r e l a t i v e  t o  the cen te r  1 i ne  o f  the  
j e t  nozz le .  
A  two- foo t  h i g h  concre te  b l o c k  w a l l  was e rec ted  across the lab -  
o r a t o r y  immediately beyond the  o p t i c a l  bench arrangement t o  p r o t e c t  o t h e r  
va l uab le  apparatus i n  the  l a b o r a t o r y  i n  the event  o f  any c a t a s t r o p h i c  f a i l -  
u r e  o f  the swimming poo l .  
I V  - MEASUREMENTS 
Traverse measurements o f  l o n g i  t u d i  na l  v e l o c i  t i e s  were taken 
us i ng  p i t o t  tubes i n  combinat ion w i t h  va r ious  manometers. These were 
mounted on the  c ross - ca r r i age  o f  the  ins t rument  c a r r i a g e .  The ins t rument  
c a r r i a g e  was a l i g n e d  p a r a l l e l  t o  the r e a r  v e r t i c a l  s o l i d  w a l l  o f  the  t e s t  
s e c t i o n  us i ng  f l o o r  sca les which cou ld  be read t o  1 /16- in .  These sca les  
were s e t  us i ng  a  s t e e l  tape which cou ld  be read t o  1 /32- in .  Thus, the  
p o s s i b l e  e r r o r  i n  s e t t i n g  the c a r r i a g e  p a r a l l e l  t o  the  r e a r  w a l l  i s  3 /32- in  
i n  h a l f  o f  the c a r r i a g e  span, 10 f e e t ,  o r  approx imate ly  1/20 degree. This 
d i s t ance  from the  v e r t i c a l  w a l l  t o  the  t i p  o f  t he  p i t o t  tube was checked 
us i ng  the  s t e e l  tape and read t o  1/32- in.  
L a t e r a l  co-ord inates w i t h  respec t  t o  the nozz le  cen te r  l i n e  
were recorded us i ng  the  o p t i c a l  bench and te lescope a t  the  downstream 
end o f  the  apparatus.  The o p t i c a l  bench sca le  was read t o  0.1 rnm us ing  
a  v e r n i e r .  The bench was a l i g n e d  p a r a l l e l  t o  the  r e a r  v e r t i c a l  wal 1 o f  
the  t e s t  s e c t i o n  u s i n g  a  s t e e l  tape read t o  1/32- in.  and c a r e f u l l y  l e v -  
e l e d .  Two s l i d i n g  ca r r i ages  were mounted on the bench, one h o l d i n g  a  
s i g h t i n g  p i n .  The o the r  c a r r i e d  a  graduated r o t a t i n g  t a b l e  w i t h  a  sca le  
o f  degrees which cou ld  be read t o  5 minutes us i ng  a  v e r n i e r .  Clamped t o  
the r o t a t i n g  t a b l e  was a  reading te lescope  w i t h  c ross -ha i r s .  
The te lescope was a1 i gned by moving i t t o  one end o f  the  op t  ica.1 
bench and s e t t i n g  the c ross -ha i r s  on the  s i g h t i n g  p i n  a t  t he  o t h e r  end 
o f  t he  o p t i c a l  bench approx imate ly  ten  f e e t  away. The te lescope was then 
r o t a t e d  through 90" and clamped i n  p o s i t i o n .  The p i t o t  tube t i p  was s e t  
a t  the  cen te r  l i n e  o f  the  j e t  nozz le  - the es t imated  e r r o r  i n  t h i s  s e t -  
t i n g  be ing  about 1/32-in. The te lescope  c ross -ha i r s  were s e t  on a  v e r t i -  
c a l  re fe rence  rod  a t tached  t o  t he  c ross - ca r r i age  and the read ing  on t he  
o p t i c a l  bench sca le  cor responding t o  the j e t  cen te r  l i n e  recorded. La t -  
e r a l  movements o f  the  p i t o t  tube were then re ferenced t o  t h i s  ze ro  by 
t a k i n g  another  read ing  on the v e r t i c a l  rod  a t tached  t o  the  c ross - ca r r i age .  
The spread o f  twelve recorded values f o r  one p a r t i c u l a r  s i g h t i n g  was 0.7 
mms, thus the  e r r o r  i n  reading l a t e r a l  d i s tances  from the  cen te r  l i n e  o f  
the nozz le  should  n o t  exceed 1/16-in. The e r r o r  i n  l a t e r a l  d i s t ance  be- 
tween two da ta  p o i n t s  o f f  the cen te r  l i n e  i s  somewhat less  and should  n o t  
exceed 1/32- in.  
The ins t rument  suppo r t i ng  c a r r i a g e  was f a b r i c a t e d  us i ng  two 
wooden ladders  and i s  s u b j e c t  t o  long- term de fo rmat ion  i n  the  humid 
environment.  Consequently the  c r o s s - r a i l  l e v e l  must be moni tored.  For 
each v e r t i c a l  t r ave rse  i n  any f i x e d  l a t e r a l  p o s i t i o n  an abso lu te  r e f e r -  
ence l e v e l  was e s t a b l i s h e d  us i ng  a cathetometer  mounted on a r i g i d  t a b l e  
o u t s i d e  the r e s e r v o i r .  Subsequent e l e v a t i o n s  o f  the  p i t o t - t u b e  were 
then determined from the sca le  o f  the Lory  Po in t  gage t o  which i t  was 
a t t ached  and were read t o  0.001 f e e t .  When the abso lu te  re fe rence  l e v e l s  
f o r  va r ious  l a t e r a l  p o s i t i o n s  i n d i c a t e d  t h a t  t he re  had been a change from 
l e v e l  i n  the c ross - ca r r i age  r a i l s  these were r e l e v e l e d  be fo re  proceeding 
w i t h  measurements. The cathetometer  was l oca ted  c l ose  t o  the  j e t  nozz le  
i n  o r d e r  t o  min imize e r r o r s  i n  t h a t  reg ion .  The e r r o r  increased w i t h  d i s -  
tance from the  cathetometer  and would be approx imate ly  0.003 f e e t  a t  a  
d i s t ance  o f  15 f e e t .  
Before each t e s t  was conducted the l e v e l  o f  the pool  su r f ace  
r e l a t i v e  t o  the  j e t  a x i s  was checked u s i n g  a p o i n t  gauge read t o  0 .001- f t  
t o  e s t a b l i s h  the  d i f f e r e n c e  i n  e l e v a t i o n  between the water su r f ace  and 
t he  t op  o f  the supply  p i p e  immediately behind t he  j e t  nozz le .  
V e l o c i t y  measurements were taken us i ng  two p i t o t  tubes and a 
v a r i e t y  o f  manometers. In  p r e l i m i n a r y  t e s t  work va r i ous  combinat ions 
were tes ted .  For the lowest v e l o c i t i e s  a  n u l l  balance micromanometer 
descr ibed  i n  Reference 8 was u t i  l ized.  Th is  was m o d i f i e d  as shown sche- 
m a t i c a l l y  i n  F igure  2. I n  general  i t  was used i n  con junc t i on  w i t h  a  p i t o t  
tube o f  o u t s i d e  d iameter  5 /16- in .  and a 1 /8 - in .  nose opening. Attempts t o  
use a 0.120- in.  d iameter p i t o t  tube w i t h  a  0.065- in.  nose o r i f i c e  were 
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abandoned, except f o r  measurements j u s t  under the  f r e e  su r face ,  because 
o f  the extreme s luggishness o f  the system. The gage f l u i d  used i n  the  
m o d i f i e d  micromanometer was n-Heptane (CH (CH ) CH ) which has a s p e c i f i c  3 2 5  3 
g r a v i t y  o f  0.683 a t  20°C. The zero  read ing  was checked severa l  t imes 
d u r i n g  the  course o f  a  t e s t ,  s i n c e  changes i n  temperature w i l l  change 
the  volume o f  a i r  i n  the f l e x i b l e  tube. Since tygon t u b i n g  cannot be 
used i n  con tac t  w i t h  n-Heptane, "Str ip-a-Tube" was used f o r  f l e x i b l e  
connect ions.  On the  average approx imate ly  two minutes were requ i r ed  
t o  read a  v e l o c i t y  us i ng  t he  micromanometer in' con junc t i on  w i t h  the 
l a rge  p i t o t  tube. The micromanometer may be read t o  0.001 ins . ;  how- 
ever,  due t o  s lugg ishness and the  need t o  average t u r b u l e n t  f l u c t u a t i o n s  
readings cou ld  o n l y  be reproduced w i t h i n  a  range o f  0.01 i n .  Since the  
micromanometer was zeroed i n  s t i l l  water  t he  ze ro  read ing  cou ld  be re -  
produced w i t h i n  a  range o f  0.002 i n s .  As a  consequence the e r r o r  i n  a  
v e l o c i t y  read ing  as low as 0.47 f t  pe r  second should  n o t  exceed 5%. 
Higher v e l o c i t i e s  were read us i ng  a  Johnson-Type Manometer 
which cou ld  be read i n  approx imate ly  t h i r t y  seconds. Readings were taken 
u t i l i z i n g  a  p o i n t  gage which cou ld  be read t o  0.001 f t .  V e l o c i t i e s  above 
1.14 f t  per  second cou ld  be ob ta ined  w i t h  a  maximum p o s s i b l e  e r r o r  o f  
2 1/2%. I t  cou ld  be u t i l i z e d  f o r  v e l o c i t i e s  up t o  approx imate ly  13 f t  per 
second. Beyond t h i s  range s imple U-tube manometers u t i l i z i n g  s u i t a b l e  
gage f l u i d s  were employed. 
Since no ins t rument  was a v a i l a b l e  t o  determine d i r e c t i o n  o f  the 
v e l o c i t y  vec to rs  the  p i t o t  tubes was always a l i g n e d  w i t h  t he  nozz le  a x i s .  
Reference 1 i n d i c a t e s  t h a t ,  f o r  deeply submerged j e t s ,  p rov ided  the  rad- 
i a l  d i s t ance  from the j e t  a x i s  d i v i d e d  by the  l o n g i t u d i n a l  d i s t ance  from 
the  nozz le  does n o t  exceed 0.18, the  angle  o f  i n c l i n a t i o n  o f  t he  v e l o c i t y  
vec to r  f rom the  j e t  a x i s  w i l l  n o t  exceed 10". Since the  p i t o t  tubes were 
round-nosed and a re  i n s e n s i t i v e  t o  yaw up t o  17" i n c l i n a t i o n  (10)(11)  
a c t u a l l y  record  the magnitude o f  the v e l o c i t y  vec to r  r a t h e r  than i t s  lon -  
g i t u d i n a l  component i n  t h i s  reg ion .  Thus, the  measured v e l o c i t i e s  i n  
t h i s  c e n t r a l  r eg i on  o f  the j e t  may be up t o  1 1/2% h igh .  The e r r o r  i n  
t he  r eg ion  c l ose  t o  the  edge o f  the j e t  f l o w  i s  d i f f i c u l t  t o  es t imate ,  
i n  t h a t  the  v e l o c i t y  vec to r  changes r a p i d l y  w i t h  the l a t e r a l  co -o rd i na te  
due t o  the  i n f l u x  o f  e n t r a i n e d  f l u i d ,  and t h i s  e f f e c t  must be cons idered 
a long  w i t h  the  c h a r a c t e r i s t i c s  o f  the p i t o t  tube's s e n s i t i v i t y  t o  yaw a t  
h i g h e r  angles o f  i n c l i n a t i o n .  The tu rbu lence  o f  the  f l o w  w i l l  a l s o  have 
an i n f l u e n c e  on the accuracy w i t h  which v e l o c i t i e s  can be measured. For 
( 1 1 )  very  t u r b u l e n t  f lows the  read ing  i s  general  l y  about 4% h i g h  . 
An at tempt  t o  o b t a i n  su r f ace  v e l o c i t i e s  p h o t o g r a p h i c a l l y  us i ng  
c o n f e t t i  p a r t i c l e s  proved unsuccessfu l .  Instead, the 1 /8- in .  d iameter  
p i  t o t  tube was used j u s t  below the  su r f ace .  
Disturbances o f  the  f r e e  su r f ace  were recorded us i ng  a  r es i s t ance  
type wave gage which was cons t ruc ted  o f  two 18- in .  long p l a t i n u m  w i res ,  
0.008- in.  i n  diameter and spaced ]/-$-ins. a p a r t .  The response was recorded 
and e l e v a t i o n s  o f  the  f r e e  su r f ace  cou ld  be read t o  1 /50- in .  
The diameter o f  the w i r es  was kep t  smal l  i n  o rde r  t o  m in im ize  
d is tu rbances  and su r f ace  t ens ion  e r r o r s .  The gage was f r e q u e n t l y  c a l i -  
b r a t e d  s t a t i c a l l y  by r a i s i n g  i t  and l owe r i ng  i t  i n  the r e s e r v o i r  w i t h  the  
j e t  tu rned  o f f .  I t  was mounted i n  a  p o i n t  gage which cou ld  be read t o  
0.001 f t .  A  s i m i l a r  gage i s  descr ibed  i n  g r e a t e r  d e t a i l  i n  Reference 9. 
The v e l o c i t y  o f  e f f l u x  was ob ta i ned  by d i v i d i n g  t he  d ischarge,  
measured us i ng  one of  the meters c a l i b r a t e d  -- i n  s i t u ,  by the c ross - sec t i ona l  
a rea  o f  the nozz le  mouth. The c a l i b r a t i o n  o f  the meters was designed t o  
1 i m i t  e r r o r s  i n  d ischarge  measuremer~t t o  1 %  maximum. The i n t e r n a l  diam- 
e t e r s  o f  a1 1 t he  nozz les was checked us i ng  a  micrometer.  
V - EXPERIMENTAL RESULTS AND DISCUSSION 
V - 1 .  Dimensional Ana lys is  
A  d e f i n i t i o n  ske tch  o f  the  n o t a t i o n  i s  shown i n  F igure  3, i n  
which 
u  = l o c a l  mean v e l o c i t y  i n  t he  x - d i r e c t i o n  
U  = mean e f f l u x  v e l o c i t y  f rom the  j e t  nozz le  
0 
d  = d iameter  o f  the  j e t  nozz l e  
0 
z  = e l e v a t i o n  o f  the f r e e  su r f ace  above the  cen te r  l i n e  o f  the  
0 
j e t  nozz le  
x  = d i s t ance  measured a long  t he  nozz le  a x i s  
y  = l a t e r a l  co -o rd ina te  pe rpend i cu l a r  t o  x -ax i s ,  measured from 
the  nozz le  a x i s  
z  = v e r t i c a l  co -o rd ina te  pe rpend i cu l a r  t o  x -ax i s ,  measured from 
the  f r e e  sur face .  
I n  a d d i t i o n ,  
P = dynamic v i s c o s i t y  o f  the  f l u i d  
P = d e n s i t y  o f  the  f l u i d  
g  = a c c e l e r a t i o n  due t o  g r a v i t y .  
Assuming t h a t  t he  l o c a l  mean v e l o c i t y  i n  t he  x  d i r e c t i o n  w i l l  be a  func-  
t i o n  o f  Uo, do, x, y, z,P, P and g  andapp l y i ng  Buckingham's n-theorem us ing  
P ,  U  and d  as r epea t i ng  v a r i a b l e s  
0 0 
Rearranging the terms w i t h i n  t he  f u n c t i o n a l  r e l a t i o n s h i p  
As an a1 t e r n a t  i ve rearrangement 
The l a s t  two terms on t he  r igh t -hand  s i d e  o f  Equat ions 1 and 2 a re  forms 
o f  t h e  Reynolds number and Froude n  umber. The form o f  Froude n  umber g i  ven 
by Equat ion 1 was p r e f e r r e d  s i nce  i t  was f e l t  t h a t  the  f l o w  p a t t e r n  would 
be most s t r o n g l y  a f f e c t e d  by v a r i a t i o n s  i n  z . Since i t s  e f f e c t  i s  ac- 
0 
z  
counted f o r  i n  the  term t h e r e  i s  1 i t t l e  p o i n t  i n  caus ing two terms d  
0 
r a t h e r  than one t o  r e f l e c t  i t s  s t r o n g  i n f l u e n c e .  
Baines i n  h i s  d i scuss ion  o f  Reference 1 i n d i c a t e d  t h a t  the Reynolds 
number i n f l uenced  the  l eng th  o f  t he  p o t e n t i a l  co re  immediate ly  downstream 
from the  j e t  nozz le  i n  deeply submerged j e t s .  The ex i s t ence  o f  the  poten- 
t i a l  co re  means t h a t  the  o r i g i n  o f  co -o rd ina tes  f o r  the  f u l l y  developed 
f l o w  downstream from the nozz le  e x i t  w i l l  no t  n e c e s s a r i l y  c o i n c i d e  w i t h  the  
nozz le  mouth. There w i l  1 be, i n  e f f e c t ,  a  " v i r t u a l  o r i g i n "  t o  which co- 
o r d i n a t e s  i n  t he  f u l l y  developed f l o w  should  be r e f e r r e d .  Use o f  the 
"v i  r t u a l  o r i g i n "  should  then remove the  dependence on Reynolds number. 
The Froude number w i l  1 a f f e c t  t he  f l o w  p a t t e r n  i n  so f a r  as 
d is tu rbances  o f  the  f r e e  su r f ace  cause a  m o d i f i c a t i o n  o f  t h e  f l o w  p a t t e r n  
i n  the  r eg ion  c l ose  t o  the  f r e e  su r face .  Thus, i n  t h a t  p a r t  o f  t he  f l ow  
where su r f ace  d is tu rbances  have a  cons iderab le  e f f e c t  
I n  the  p a r t  o f  the  f l o w  i n  which su r f ace  di 's turbances have l i t t l e  o r  no  
i n f  1 uence 
The t e s t  program based on t he  dimensional  a n a l y s i s  was d i v i d e d  
i n t o  severa l  p a r t s .  
For t he  f i r s t  p a r t  t h e  i s o v e l  p a t t e r n s  f o r  one f l o w  c o n d i t i o n  
were measured i n  d e t a i l  i n  o rde r  t o  g a i n  an unders tand ing  o f  the manner i n  
which the  presence o f  the  f r e e  su r f ace  m o d i f i e d  t he  f l o w  p a t t e r n .  Time 
l i m i t a t i o n s  d i d  n o t  pe rm i t  t he  c o l l e c t i o n  o f  such ex tens i ve  da ta  f o r  an- 
o t h e r  f l o w  c o n d i t i o n .  
I n  t h e  second p a r t  o f  t he  measurement program the  l o c a t i o n  o f  
the  maximum v e l o c i t y  a t  va r ious  d is tances  downstream from the  nozz le  was 
t raced.  An i n i t i a l  l a ck  o f  unders tanding o f  the  i n f l u e n c e  o f  Reynolds 
number and Froude number v a r i a t i o n  t oge the r  w i t h  two exper imenta l  e r r o r s  
l e d  t o  an i n d i c a t i o n  t h a t  t he re  was a  much s t r o n g e r  i n f l u e n c e  o f  the  Froude 
number than a c t u a l l y  e x i s t s .  The f i r s t  e r r o r  caus ing t h i s  m i s i n t e r p r e t a t i o n  
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r e s u l t e d  from an unno t i ced  impe r fec t i on  i n  the  5 /8- in .  d iameter  nozz le .  
This impe r fec t i on  caused sepa ra t i on  behind the  nozz le  mouthi r e s t r i c t i n g  
t he  f l o w  area and r e s u l t i n g  i n  a  much h i g h e r  v e l o c i t y  o f  e f f l u x  than 
computed. An un fo r t una te  co- inc idence r e s u l t e d  i n  a  m is read ing  o f  the  
f l ow  meter  c a l i b r a t i o n  curve f o r  two t e s t s  us i ng  a  ] / ' -+- in.  d iameter noz- 
z l e  a t  the  same Froudenumber used i n  t he  t e s t s  u t i l i z i n g  t he  5/8- in .  
d iameter  nozz le .  The t e s t s  f o r  the two se t s  o f  data agreed very  c l o s e l y  
and d i  f f e r e d  s u b s t a n t i a l  l y  f rom t e s t s  conducted a t  a  d i f f e r e n t  Froude 
number. As a  consequence, a  program i n  which the Reynolds number was 
h e l d  cons tan t  and the Froude number va r i ed ,  was embarked upon. I n  1 i g h t .  
o f  the f i n a l  a n a l y s i s  much o f  t h i s  work should  n o t  have been necessary.  
I n  addi  t i o n  some t e s t s  were conducted w i t h  t he  Froude number he1 d  constant  
and t he  Reynolds Number va r ied .  I nd i ca ted  d isc repenc ies  due t o  v a r i a t i o n s  
i n  Reynol ds number can however be removed by re fe rence  t o  the  "v i  r t u a l  
o r i g i n . "  
V - 2. Summary o f  Tests 
The va r i ous  c o n d i t i o n s  t e s t e d  a re  summarized i n  Tables I ,  I I, 
I l l ,  I V  and V on t he  f o l l o w i n g  pages. The t e s t s  l i s t e d  i n  Table I I  were 
t o  c l a r i f y  and r e f i n e  the  in fo rmat ion  ob ta ined  i n  the  t e s t s  l i s t e d  i n  
Table 1 .  
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Summary o f  C o n d i t i o n s  f o r  Sur face F l u c t u a t i o n  Measurements - J e t  a l o n e  
3 d  = 0 . 5  i n . ,  Uo = 40.6 f t / s e c ,  Temp. = 70°F, Re = 1 . 6 0 ~ 1 0  , F r  = 35.0. 0 
Run 
3 4 
3 5 
3 6 
z 
0 
f t  
0.41 7 
0.208 
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TABLE I V  
Summary o f  Condi t ions f o r  Traces o f  Maximum Fi lament  - Je t  a lone 
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1 
2 
3 
4 
5 
5 
7 
8 
22 
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0.312 
0.104 
"0 
f t / s e c  
40.6 
40 .6  
35.7 
26.1 
40.6 
26.1 
40.6 
26.7 
18.0 
18.0 
40 .4  
42.5  
28.6 
28.6 
28.6 
28.6 
Temp. 
" F 
76.0 
76.0 
76.0 
78.0 
77.5 
76.0 
77.0 
77.0 
75.0 
75.0 
75.0 
75.0 
68.0 
63.5 
63.0 
63.0 
z 
0 
-
d 
0 
15 
15 
15 
15 
10 
10 
5 
5 
10 
15 
10 
15 
1 0  
10 
15 
5 
Re 
x10 5 
1.73 
1.73 
1.52 
1.15 
1.77 
1.14 
1.76 
1.15 
0.76 
0.76 
0.85 
0.88 
0.55 
0.52 
0.52 
0.52 
F r 
35.1 
35.1 
30.8 
22.5 
35.1 
22.5  
35.1 
23.0 
15.5 
15.5 
49.3 
52.0 
35.0 
35.0 
35.0 
35.0 
i TABLE V 
1 
Summary o f  C o n d i t i o n s  f o r  J e t  - I n t a k e  Combinat ion Tes ts  
Run , 
3 7 
3 8 
39 
40 
4 1 
42 
x 
f t 
v a r i e s  
v a r i e s  
2 
2 
v a r i e s  
v a r i e s  
d  
o  
i n .  
7/16 
I/2 
1/2 
1/2 
1/2 
1/2 
z  
f t  
v a r i e s  
v a r i e s  
0.30 
0.30 
v a r i e s  
v a r i e s  
Y 
f t  
0 
O 
v a r i e s  
v a r i e s  
0 
0 
z  
o  
f t 
0.365 
0.417 
0.417 
0.417 
0.417 
0.417 
Uo 
f t / s e c  
37.9 
40.6 
40.6 
40.6 
40.6 
40.6 
Temp. 
F  
61.5 
66 
66 
63.5 
63.5 
65 
s 
0 
d  
25 
22 
22 
8& 
84 
s  
o  
f t  
0.912 
0.912 
0.912 
0.355 
0.355 
co 
zo  
d 
0 0  
10 
10 
10 
10 
10 
10 
Re 
705 
1.29 
1.52 
1.52 
1.47 
1.47 
1.50 
Fr  
.34.9 
35.1 
35.1 
35.1 
35.1 
35.1 
V - 3 .  l sove l  P a t t e r n s  
V e r t i c a l  and h o r i z o n t a l  v e l o c i  t y  t r ave rses  were co'nducted a t  
f i v e  d i f f e r e n t  d is tances  downstream f rom the j e t  nozz le .  These extended 
over  one h a l f  o f  the f l o w  f i e l d  s i nce  p r e l i m i n a r y  t e s t s  i n d i c a t e d  t h a t  
the  v e l o c i t y  d i s t r i b u t i o n s  were symmetr ic about a  v e r t i c a l  p lane through 
! the  nozz le  a x i s .  The symmetry i s  e x h i b i t e d  i n  F igure  29 f o r  Run 15. 
I 
i From the  i n f o rma t i on  p rov ided  by these t r ave rses  i s o v e l  p a t t e r n s  
i were cons t ruc ted  f o r  the  f i v e  s t a t i o n s .  These a re  shown i n  F igures 4, 5, 
6, 7 and 8. From these f i g u r e s  severa l  i n t e r e s t i n g  f ea tu res  o f  the  f l ow 
p a t t e r n  a re  immediately apparent.  F i r s t ,  t he  p o i n t  o f  maximum v e l o c i t y  . 
does n o t  remain a t  the  same h o r i z o n t a l  e l e v a t i o n  b u t  r i s e s  toward t he  f r e e  
I 
su r f ace  as the  f l o w  proceeds downstream. The locus t r aced  by t he  p o i n t  o f  
I maximum v e l o c i t y  w i l l  be r e f e r r e d  t o  h e r e a f t e r  as the  " f i l a m e n t  o f  maximum 
v e l o c i t y . " -  The v a r i a t i o n  o f  the  v e r t i c a l  v e l o c i t y  p r o f i l e  through t he  j e t  
a x i s  w i t h  l o n g i t u d i n a l  d i s t ance  i s  p l o t t e d  i n  F igure  9 .  At a  d i s t ance  o f  
5 - f t  f rom the  nozz le  the  v e r t i c a l  c e n t e r  l i n e  p r o f i l e  i s  found t o  be nor -  
m a l l y  d i s t r i b u t e d  w i t h  the  p o i n t  o f  maximum v e l o c i t y  a t  the f r e e  su r f ace .  
F igure  10 i l l u s t r a t e s  the  v a r i a t i o n  w i t h  x  o f  the  v e l o c i t i e s  j u s t  below 
t he  f r e e ,  su r face .  
I The second i n t e r e s t i n g  f e a t u r e  o f  the  f l o w  p a t t e r n s  i s  the  man- 
ne r  i n  which the  i s o v e l s  spread i n  t he  r eg ion  c l o s e  t o  the  f r e e  su r face .  
i 
I This  f e a t u r e  i s  appa ren t l y  a  r e s u l t  o f  the  f r e e  su r f ace  d is tu rbances  which 
w i l l  be d iscussed i n  more d e t a i l  l a t e r .  
The lower p o r t i o n s  o f  the  i sove l  p a t t e r n s  were used t o  determine 
the  v i r t u a l  o r i g i n  as i l l u s t r a t e d  i n  F igure  1 1 .  The v i r t u a l  o r i g i n  f o r  
these f l o w  c o n d i t i o n s  i s  seen t o  l i e  approx imate ly  two d iameters  behind i 
, j 
the  ac tua l  o r i g i n .  The rad ius ,  r ,  u!jed i n  t h i s  c o n s t r u c t i o n  i s  an aver -  
age rad ius  f o r  the lower p o r t i o n  o f  the  p r o f i  l e s  where the i sove l s  a re  
approx imate ly  c i r c u l a r .  i s  t he  d imension less rad ius  w i t h  respec t  t o  
the l o n g i t u d i n a l  d i s t ance  downstream from the  v i r t u a l  o r i g i n ,  x ' .  Sub- 
sequent da ta  a r e  p l o t t e d  w i t h  respec t  t o  the  v i r t u a l  o r i g i n .  The semi- 
l o g a r i t h m i c  p l o t  i n  F igure  12 i 1 l u s t r a t e s  t h a t  the  v e r t i c a l  v e l o c i t y  
d i s t r i b u t i o n s  f o r  the  lower p o r t i o n  o f  the  f l o w  a re  no rma l l y  d i s t r i b u t e d .  
These a re  p l o t t e d  w i t h  respect  t o  a  m o d i f i e d  v e r t i c a l  zero,  z '  be ing  
measured from the  p o i n t  o f  maximum v e l o c i t y  r a t h e r  than from the f r e e  sur -  
face. F i gu re  13 shows a  s i m i l a r  p l o t  f o r  the  r eg ion  i n  which the  lower . 
p o r t i o n  o f  the  i sove l  pa t t e rns  i s  approx imate ly  c i r c u l a r ,  i n  terms o f  the 
average rad ius ,  r. 
F igure  14 i 1 l u s t r a t e s  t h a t  f o r  the  t raverses  a t  I - f t  and 2 - f t  
downstream from the  o r i g i n ,  where the  f l o w  p a t t e r n  i s  s t i  1 1  n o t  s u b j e c t  
t o  i n t ense  m o d i f i c a t i o n  by the  f r e e  su r f ace ,  the  upper p o r t i o n  o f  the ve r -  
t i c a l  cen te r  1 i ne  t r ave rse  remains no rma l l y  d i s t r i b u t e d .  F igure  15 shows 
t h a t  a t  5 - f t  downstream from the  nozz le  the  normal d i s t r i b u t i o n  o f  the 
v e r t i c a l  p r o f i l e s  o n l y  ho lds  f o r  the  r eg ion  c l ose  t o  the  cen te r  l i n e .  With 
i nc reas ing  l a t e r a l  d i s t ance  from the  cen te r  l i n e  t he  f l o w  i n  the  zone near 
t he  f r e e  su r f ace  dev ia tes  more and more from the normal d i s t r i b u t i o n .  
F igure 16, a l s o  f o r  5 - f t  downstream from the nozz le ,  i l l u s t r a t e s  
t h a t  h o r i z o n t a l  t raverses  tend toward a  normal d i s t r i b u t i o n  w i t h  inc reas-  
i n g  d i s t ance  below the f r e e  su r f ace .  F igure  17 i l l u s t r a t e s  the s i m i l a r i t y  
o f  t h i s  d e v i a t i o n  o f  the h o r i z o n t a l  p r o f i l e s  from the normal d i s t r i b u t i o n  
j u s t  below the  f r e e  su r f ace  a t  d i s tances  o f  3,  4 and 5 - f t  downstream from 
the  nozz le .  F igure 18 i nd i ca tes  t h a t  a t  e l e v a t i o n s  c l ose  t o  the  e l e v a t i o n  
o f  the  p o i n t  o f  maximum v e l o c i t y  f o r  each s t a t i o n  the  h o r i z o n t a l  p r o f i l e s  
a re  normal l y  d i s t r i b u t e d .  
F igures 19 and 20 show es t imates  o f  t he  d ischarge  f 1 ux, momen- 
tum f l u x  and energy f l u x  compared w i t h  t he  semi-emperical r e l a t i o n s h i p s  
A lbe r t son  -- e t  a l ' ' )  ob ta i ned  f o r  the  deeply submerged j e t .  The es t imates  
were ob ta i ned  by p l a n i m e t e r i n g  o f  the  i s o v e l  p a t t e r n s .  The procedure 
lacks  accuracy because o f  t he  decrease i n  q u a l i t y  o f  t he  exper imenta l  da ta  
towards the  edge o f  t he  f l o w  f i e l d  and t he  n e g l e c t  o f  the l a t e r a l  c o n t r i b u -  
t i o n  i n  the energy f l u x  de te rm ina t i on .  The f l u x e s  a re  r e f e r r e d  t o  t he  
f l uxes  a t  t he  nozz le  computed on the assumption t h a t  the  d ischarge  f rom . 
the  nozz le  was un i form.  
The computed values f o r  the  sha l l ow  j e t  a re  seen t o  compare w e l l  
w i t h  values f o r  a  deeply submerged j e t  f o r  a  cons iderab le  d i s t ance  down- 
stream from the o r i g i n ,  about 50 diameters i n  the  case o f  t he  d ischarge  
f l u x ,  and 75 diameters i n  the  case o f  the  energy f l u x .  Whi le n o t  conc lu-  
s i ve ,  the  da ta  does g i v e  some i n d i c a t i o n  t h a t  t he  assumption t h a t  the  mo- 
mentum i s  conserved would be c o r r e c t .  
V - 4. Surface F  1 u c t u a t  ions 
Figures 21 and 22 show the  d i s t r i b u t i o n  o f  peak t o  peak f l u c t u a -  
t i o n s  o f  t he  f r e e  su r face  f o r  d i f f e r e n t  submergences o f  the nozz le .  The 
da ta  were ob ta ined  us i ng  a  r es i s t ance  type  wave gage i n  c o n j u n c t i o n  w i t h  
a  Sanborn recorder .  The response was i r r e g u l  a r  and t he  values p l o t t e d  re-  
s u l t  f rom a  v i s u a l  average o f  t he  peaks and t roughs on t h e  record.  For 
a l l  submergences t he re  i s  a  w e l l  de f i ned  maximum d i s t u rbance  o f  t he  f r e e  
sur face.  
The da ta  on sur face d is tu rbances  was acqu i red  i n  an a t tempt  t o  
a c c u r a t e l y  l o c a t e  the  p o i n t  a t  which the  f i l a m e n t  o f  maximum v e l o c i t y  
i n t e r s e c t e d  the  f r e e  su r face .  I t  was found, however, t h a t  the peak d i s -  
turbance o f  the  f r e e  su r face  does n o t  correspond t o  t h i s  i n t e r s e c t i o n ;  
r a t h e r  i t  occurs some d i s t ance  upstream o f  the p o i n t  a t  which the  max- 
imum f i lament reaches the  f r e e  su r f ace  and i s  appa ren t l y  caused by the 
o u t e r  p o r t i o n  o f  the  j e t  f l o w  p a t t e r n  above t he  f i l a m e n t  o f  maximum ve- 
l o c i t y  i n t e r s e c t i n g  the  f r e e  su r face .  For a  submergence o f  10 diameters 
t h i s  i n t e r s e c t i o n  occurs a t  62 d iameters  downstream from the  v i r t u a l  
o r i g i n .  F igure  19 i nd i ca tes  t h a t  the  d ischarge  f l u x  s t a r t s  t o  dev ia te  
f rom t h a t  o f  the  deeply submerged j e t  a t  about 50 diameters downstream 
from the  v i r t u a l  o r i g i n ,  i n d i c a t i n g  t h a t  the upper edge o f  the  j e t  i s  
approaching the  f r e e  su r f ace  and t h a t  ent ra inment  o f  f l u i d  from above i s  
be i ng reduced. 
P l a t e  I I  shows t he  d i s t u rbance  o f  the  f r e e  su r f ace  a t  app rox i -  
mate ly  10 diameters submergence o f  the  nozz le .  Waves a re  seen t o  be 
r a d i a t i n g  outwards f rom the  " b o i l "  area where t he  j e t  c rea tes  maximum 
d i s t u rbance  o f  the f r e e  su r face .  The l a t e r a l  sp read ing  o f  t he  i sove l  
p a t t e r n s  i n  the  zone c l o s e  t o  the f r e e  su r f ace  i s  p robab l y  due t o  t h i s  
r a d i a t i n g  d i s t u rbance  o f  the f r e e  su r face .  
V - 5. Maximum V e l o c i t y  F i laments  
F igures 23, 24 and 25 show a  comparison between the decay of  
maximum v e l o c i t y  w i t h  l o n g i t u d i n a l  d i s t ance  from the  o r i g i n  f o r  the  deeply  
submerged j e t ( 1 )  and f o r  th ree  sha l l ow  submergences; 5, 1 0  and 15 d iameters .  
For a  submergence o f  15 diameters t h e r e  i s  no apparent d e v i a t i o n  w i t h i n  
the  range o f  t he  exper iments .  I t  shou ld  be noted t h a t  the  c o r r e c t i o n  f o r  
v i r t u a l  ze ro  ob ta ined  us i ng  F igure  1 1  was a p p l i e d  t o  the  data f o r  a  1 /2- in .  
d iameter  nozz le .  In  t he  case o f  t he  1 /4- in .  nozz le  t he  da ta  f o r  15 diam- 
e t e r s  submergence ( ~ u n s  25 and 29) was f i r s t  p l o t t e d  w i t h  respec t  t o  the  
r e a l  o r i g i n  and the  d i s t ance  t o  t he  v i r t u a l  o r i g i n  determined on the bas is  
o f  t he  assumption t h a t  the  da ta  should  agree w i t h  t h a t  f o r  the  deeply sub- 
merged j e t  a t  l e a s t  up t o  60 d iameters  downstream from the  nozz le .  I t  was 
found t h a t  l o c a t i n g  the  v i r t u a l  o r i g i n  f o r  the  1 /4 - in .  nozz le  two diam- 
e t e r s  downstream from the  nozz le  r e s u l t e d  i n  such agreement. Th is  same . 
c o r r e c t i o n  was a p p l i e d  t o  the  data f o r  5 and 10 d iameters  submergence 
w i t h o u t  regard  f o r  the Reynolds number v a r i a t i o n ,  s i nce  no means was a v a i l -  
a b l e  t o  determine the  v a r i a t i o n  o f  t he  c o r r e c t i o n  w i t h  Reynolds number. 
The c o r r e c t i o n  f o r  the  1 /2- in .  d iameter  j e t  was a l s o  a p p l i e d  w i t h o u t  re-  
gard t o  Reynolds number. 
For a  submergence o f  f i v e  diameters the  da ta  s t a r t s  t o  d e v i a t e  
f rom the  deeply submerged j e t  r e l a t i o n  a t  approx imate ly  f o r t y  d iameters  
downstream from the o r i g i n .  There i s  no apparent d i f f e r e n c e  i n  the  be- 
h a v i o r  o f  the  1 /2- in .  nozz le  and the  1 /4 - in  nozz le .  For a  submergence 
o f  t en  d iameters ,  however, t h e r e  i s  an apparent dependence on d iameter .  
The da ta  taken us i ng  the  1/2- in .  d iameter  nozz le  g e n e r a l l y  tend t o  dev ia te  
f rom the  deeply submerged j e t  r e l a t i o n s h i p  somewhat c l o s e r  t o  the  o r i g i n  
than does the da ta  f o r  the  1 /4- in .  nozz le .  
Th is  dependence on d iameter  i s  even more pronounced when the  l o c i  
o f  the  f i l a m e n t s  o f  maximum v e l o c i t y  a re  examined. The l o c i  f o r  the  t h ree  
d i f f e r e n t  submergences a re  shown i n  F igures 26, 27 and 28. I t  shou ld  be 
noted  t ha t  these p l o t s  g r o s s l y  exaggerate t he  v e r t i c a l  s ca le  r e l a t i v e  t o  
the h o r i z o n t a l  s ca le  so t h a t  s c a t t e r  i n  the  v e r t i c a l  d i r e c t i o n  i s  amp l i f i ed .  
Moreover, as the  maximum f i lament approaches the f r e e  su r f ace  t he  v e l o c i  t y  
near the  f r e e  su r face  g r a d u a l l y  increases as shown i n  F igures 9 and 10. 
I t  e v e n t u a l l y  exceeds the magnitude o f  t he  v e l o c i t y  a t  a  lower depth.  As 
a  consequence, i n  the  r eg ion  j u s t  be fo re  t he  maximum f i 1 ament reaches the  
f r e e  su r f ace  the  upper p o r t i o n  o f  the  v e r t i c a l  v e l o c i t y  p r o f i l e  i s  ve ry  
un i fo rm,  f o r  example, between x  = 4 f t  and x  = 5 f t  i n  F igure  9. I t  i s  
t h e r e f o r e  ext remely  d i f f i c u l t  t o  measure t he  exac t  l o c a t i o n  o f  t he  maximum 
i n  t h i s  reg ion,  as i s  evidenced by the  s c a t t e r  o f  the  da ta .  
An a t tempt  was made t o  t h e o r e t i c a l l y  p r e d i c t  the  locus o f  the  
f i l amen t  o f  maximum v e l o c i t y  by c o n s i d e r i n g  t he  f l o w  p a t t e r n  t o  r e s u l t  
f rom t h a t  due t o  a  deeply  submerged j e t  w i t h  a  no rma l l y  d i s t r i b u t e d  ve loc -  
i t y  d i s t r i b u t i o n ,  toge ther  w i t h  a  s i m i l a r  image j e t  l o ca ted  e q u i d i s t a n t  
above the  f r e e  su r face .  Such an a n a l y s i s  d i d  i n d i c a t e  t h a t  the  f i l a m e n t  
o f  maximum v e l o c i t y  would r i s e  toward t he  f r e e  su r f ace  i n  much t he  same 
way as the  data f o r  a  1 /4- in .  d iameter  nozz le  shown i n  F igure  28. However, 
the  a n a l y s i s  d i d  n o t  i n d i c a t e  any dependence on d iameter  such as e x h i b i t e d  
by the  data.  
The apparent dependence on d iameter  shown i n  Fi gure.s 26, 27 and 
28 p robab ly  r e f l e c t s  a  dependence on t he  abso lu te  d i s t ance  from the  nozz le  
t o  t he  f r ee  sur face,  z  as we1 1 as on t he  r e l a t i v e  d i s t ance  z  /do. That 
0' 0 
t he  dependence i s  n o t  on zo a lone may be seen from a  comparison o f  t he  
data f o r  a  1 /2- in .  d iameter nozz le  a t  a  submergence o f  5 diameters and 
t h a t  f o r  a  ] / b i n .  nozz l e  a t  a  submergence o f  10 d iameters .  Such a  de- 
pendence on z as we1 1 as on zo/do, may r e s u l t  f rom the  f a c t  t h a t  t he  
0 '  
j e t ,  t o  a  cons iderab le  degree, behaves as though t he re  was a  p o i n t  source 
o f  momentum a t  the v i r t u a l  o r i g i n .  For such a  p o i n t  source the  r a t i o  
z  /d would be meaningless.  
0 0 
V - 6. I n f l uence  o f  a  Nearby In take  
The second major  i tem o f  i n t e r e s t  i n  the i n v e s t i g a t i o n  was t o  
examine the  f l o w  p a t t e r n  when an i n t a k e  was o p e r a t i n g  near t o  the  j e t  d i s -  
charge nozz le ,  and t o  determine the  e x t e n t  t o  which an i d e a l i z e d  source- 
s i n k  analog would d i f f e r  f rom the  r e a l  f l o w  p a t t e r n  due t o  the  d ischarge . 
e n t e r i n g  the r e s e r v o i r  i n  the form o f  a  j e t .  
The dimensional  a n a l y s i s  was m o d i f i e d  by the  i n c l u s i o n  o f  an 
a d d i t i o n a l  term t o  represent  t he  spac ing o f  the  j e t  nozz le  and the in take ,  
s  . I t  was decided t o  m a i n t a i n  t he  i n t a k e  and o u t l e t  a t  the  same e leva-  
0 
t i o n  and t o  use an i n t a k e  diameter which was t he  same as t he  j e t  nozz l e  
d iameter .  However, due t o  d i f f i c u l t i e s  w i t h  c a v i t a t i o n  i n  the  i n t ake ,  
descr ibed  on page 7, i t  was n o t  p o s s i b l e  t o  m a i n t a i n  t he  same d iameter  
f o r  bo th .  The dimensional  a n a l y s i s  r e s u l t s  i n  a  m o d i f i c a t i o n  o f  Equat ion 
3 ,  so t h a t  
The i n i t i a l  t e s t s  w i t h  the f i n a l  arrangement were made w i t h  a  spac ing o f  
22 d iameters  between the o u t l e t  and t he  i n t ake .  No measureable d i f f e r e n c e  
cou ld  be found from the  data f o r  the j e t  a c t i n g  a lone.  The' spac ing was 
then reduced t o  8 1/2 d iameters ,  and again  no measureable d i f f e r e n c e  was 
found. Run 42 was made t o  check that: the  f l o w  p a t t e r n  f o r  the  j e t  a c t i n g  
alone had n o t  been a f f e c t e d  by removal o f  the downstream end w a l l .  F igure  
29 shows a  comparison o f  h o r i z o n t a l  v e l o c i t y  p r o f i  l e s  f o r  a  j e t  a c t i n g  
a lone and f o r  a  j e t  and i n t ake  a t  two d i f f e r e n t  spac ings.  
Since a l l  the da ta  acqu i r ed  i n d i c a t e d  t h a t  the nearby i n t ake  
had n e g l i g i b l e  e f f e c t  on the j e t  f l o w  p a t t e r n  f u r t h e r  t e s t i n g  o f  t h i s  
geometry was d i scon t i nued .  Comparison o f  the  v e l o c i t i e s  due t o  e n t r a i n -  
ment by an i d e a l i z e d  s i n k ,  compared t o  those i n  a  j e t  f l o w  f i e l d  c l ose  t o  
the  s i n k  when bo th  a re  deeply submerged, i n d i c a t e s t h a t  t he  e f f e c t  o f  t he  
s i n k  i s  aga in  n e g l i g i b l e .  The s i n k  e n t r a i n s  f l u i d  f rom a l l  d i r e c t i o n s  a t  
low v e l o c i t i e s  whereas the j e t  f l o w  i s  con f i ned  w i t h i n  a  narrow cone and 
t he  v e l o c i t i e s  a re  t h e r e f o r e  much h i ghe r .  Moreover, the j e t  e n t r a i n s  ad- 
d i t i o n a l  f l u i d  i n  the  downstream d i r e c t i o n .  
V - 7. D iscuss ion  
The data suggests t h a t  the j e t  f l ows  s t u d i e d  represent  a  t r a n s i -  
t i o n  regime q u i t e  d i f f e r e n t  f rom any e x i s t i n g  f o r  deeply  submerged j e t s .  
I t  i s  apparent t h a t  the f l o w  p a t t e r n  f o r  the  sha l low submerged j e t  should  
n o t  be cons idered f u l l y  developed u n t i l  t he  f i l a m e n t  o f  maximum v e l o c i t y  
has reached the  f r e e  su r face .  The f a c t  t h a t  a  normal d i s t r i b u t i o n  i s  n o t  
found i n  the  zone c l ose  t o  the f r e e  su r face ,  appa ren t l y  due t o  the wave 
a c t i o n  caused by the  "boi 1 "  as the j e t  s t r i k e s  the  f r e e  su r face ,  suggests 
even f u r t h e r  t h a t  the f l o w  p a t t e r n  should  n o t  be cons idered f u l l y  developed 
u n t i l  i t  has proceeded f u r t h e r  downstream, beyond the reg ion  o f  i n f l u e n c e  
o f  the  wave a c t i o n .  I t  may be t h a t  f u r t h e r  downstream the  f l o w  d i s t r i b u t i o n  
w i l l  be no rma l l y  d i s t r i b u t e d  throughout  and behave e s s e n t i a l l y  as the 
lower h a l f  o f  the f l o w  p a t t e r n  f o r  a  deeply submerged j e t .  
In  summary then, the f l o w  f i e l d  f o r  the deeply  submerged j e t  
may be d i v i d e d  i n t o  a  number o f  zones: 
Zone I  - i n  which the p o t e n t i a l  core decays w i t h  the spread of the 
m i x i n g  reg ion  around the p e r i p h e r y  o f  the j e t .  
Zone I I  - which represents  a  t r a n s i t i o n  f rom Zone I t o  Zone I l l .  
Zone I l l  - f u l l y  developed f l o w  s i m i l a r  t o  t h a t  f o r  a  deeply  
submerged j e t ,  hav ing  s i m i l a r  v e l o c i t y  p r o f i l e s .  
Zone I V  - which may ove r l ap  Zone I l l  t o  some degree depending 
on the p r o x i m i t y  o f  the f r e e  su r f ace  and i s  the t r a n s i t i o n  
r eg ion  i n  which the  maximum v e l o c i t y  m ig ra tes  towards the 
f r e e  su r face .  
Zone V  - i n  which the maximum v e l o c i t y  has reached the f r ee  sur face 
bu t  the upper p a r t  o f  the  f l o w  i s  s t i l l  s t r o n g l y  a f f e c t e d  by 
wave a c t i o n .  
Zone V 1  - i n  which wave a c t i o n  has l i t t l e  i n f l u e n c e  a t  the  f r e e  
su r face  and the f l o w  may be no rma l l y  d i s t r i b u t e d  throughout .  The 
f l o w  i n  t h i s  zone would represen t  f u l l y  developed, sha l l ow  sub- 
merged j e t  f l ow.  
V I  - CONCLUS l  ONS 
1 . The o b j e c t i v e s  o f  the p r o j e c t  were achieved. The second p a r t  o f  the 
1 
i n v e s t i g a t i o n  i n v o l v i n g  the s tudy o f  c i r c u l a t o r y  f l o w  p a t t e r n s  r e s u l t i n g  
from d ischarge o f  water i n t o  and simultaneous wi thdrawal  o f  water  
f rom a  r e s e r v o i r  was c u r t a i l e d  when i t  became c l e a r  t h a t  wi thdrawal  
o f  water had n e g l i g i b l e  i n f l uence  on the j e t  f l o w  p a t t e r n .  
2. The f l o w  p a t t e r n s  s t u d i e d  p robab ly  d i d  n o t  represen t  f u l l y  developed 
shal  low submerged j e t  f l ow.  The maximum v e l o c i t y  o f  the j e t  was found 
t o  move upward from the o r i g i n a l  j e t  a x i s  t o  the f r e e  sur face .  The 
f l o w  p a t t e r n  i n  the  reg ion  c l ose  t o  the f r e e  su r f ace  d i f f e r e d  from 
t h a t  below i t .  The v e l o c i t i e s  i n  the lower reg ion  were norma l l y  d i s -  
t r i b u t e d .  The f l o w  p a t t e r n  i n  the upper reg ion  was appa ren t l y  m o d i f i e d  
by wave a c t i o n .  
3 .  The h ighes t  d is tu rbance  o f  the f r e e  sur face  occurred upstream from the 
p o i n t  a t  which the  maximum v e l o c i t y  reached the f r e e  sur face .  
4. The locus o f  the f i  laments o f  maximum v e l o c i t y  e x h i b i t e d  a  dependence 
on abso lu te  submergence o f  the j e t  as w e l l  as on i t s  submergence . r e l a -  
t i v e  t o  the nozz le  diameter.  
5. An i n take  as c lose  as 8 1/2 diameters from the j e t ,  w i thdrawing  water 
from the rese rvo i  r a t  the same r a t e  as i t was suppl i ed  t o  the j e t ,  had 
n e g l i g i b l e  i n f l uence  on the  j e t  f l o w  p a t t e r n .  
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